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Polarization-resolved extinction and scattering cross-section of individual 
gold nanoparticles measured by wide-field microscopy on a large ensemble 
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We report a simple, rapid, and quantitative wide-field technique to measure the optical extinction <7 ext and 
scattering er sca cross-section of single nanoparticles using wide-field microscopy enabling simultaneous acqui- 
sition of hundreds of nanoparticles for statistical analysis. As a proof of principle, we measured nominally 
spherical gold nanoparticles of 40 nm and 100 nm diameter and found mean values and standard deviations of 
(Text and c SC a consistent with previous literature. Switching from unpolarized to linearly polarized excitation, 
we measured cr ex t as a function of the polarization direction, and used it to characterize the asphericity of the 
nanoparticles. The method can be implemented cost-effectively on any conventional wide-field microscope 
and is applicable to any nanoparticles. 
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Metallic nanoparticles (NPs) exhibit morphology- 
dependent localized surface plasmon resonances (LSPR) 
which couple to propagating light and manifest as an 
increased particle polarisability at the LSPR frequency. 
Besides fundamental interest, these local optical reso- 
nances can be exploited to image metallic NPs with 
high sensitivity and to probe nanoscale regions in the 
NP vicinity via the local field enhancement effect, with 
possible applications ranging from sub-wavelength opti- 
cal devices 1 , catalysis 2 and photovoltaics 3 to biomedical 
imaging 4 ' 5 and sensing 6-8 . 

Important physical quantities characterizing the lin- 
ear optical properties of a NP are the absorption cross- 
section cr a b s , the scattering cross-section cr sca , and the 
resulting extinction cross-section <7 cxt = <7 a bs + fsca- Be- 
yond traditional ensemble average measurements, a num- 
ber of approaches have been developed recently to mea- 
sure cr xt at the single particle level, showing that the op- 
tical properties of individual NPs can significantly differ 
from the ensemble average owing to inhomogeneities in 
NP size and shape. It is therefore particularly important 
to develop a technique able to rapidly quantify the cross- 
sections at the single NP level and to perform a statis- 
tical analysis over many NPs, providing a relevant sam- 
ple characterization. Quantitative values of er ox t, cr a bs, 
and/or er sca of single NPs have been reported using dark- 
field micro-spectroscopy 9 , photothermal imaging 10 , and 
spatial modulation micro-spectroscopy 11 . However, in 
order to provide cross-section values in absolute units, 
dark-field micro-spectroscopy and photothermal imaging 
require a calibration reference (e.g. by comparison with 
(T cx t known from theory) while spatial modulation micro- 
spectroscopy needs a precise measurement of the beam 
profile at the sample. Moreover, photothermal imag- 
ing and spatial modulation micro-spectroscopy are beam- 
scanning techniques, therefore costly and less amenable 
to the rapid characterization of a large number of NPs 
compared to wide-field techniques. Additionally they are 
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modulation-based which requires specialized equipment 
such as acousto-optical modulators and lock-in detection. 

In this work, we report a simple and quantitative wide- 
field technique to measure <7 ex t and cr sca on single NPs us- 
ing conventional bright and dark-field microscopy with- 
out the need of calibration standards and with a field 
of view enabling simultaneous acquisition of hundreds of 
NPs. 

The experimental set-up consists of an inverted mi- 
croscope (Nikon Ti-U) equipped with a white-light illu- 
mination (halogen lamp 100W with Nikon neutral color 
balance filter), a oil condenser of 1.4 numerical aper- 
ture (NA) with a removable home-built dark-field illu- 
mination of 1.1-1.4NA, a 40x 0.95 NA dry objective, a 
1.5x intermediate magnification, and a Canon EOS 40D 
color camera attached to the left port of the microscope. 
Images were taken in Canon 14-bit RAW format with 
10.1 megapixel resolution. The investigated samples were 
gold NPs (GNPs) of nominal 40 nm and 100 nm diameter 
(BBInternational) covalently bound onto a glass coverslip 
functionalised with (3-mercapto) triethoxysilane, covered 
in silicone oil (refractive index n = 1.518) and sealed with 
a glass slide. 

Dark-field microscopy was performed initially to con- 
firm the presence of metallic NPs appearing as colored 
scatterers, distinguishable from the white scattering of 
other debris or glass roughness. The color camera en- 
ables a coarse spectroscopic detection separating the 
three wavelength ranges 12 of red (R) 570-650 nm, green 
(G) 480-580 nm, and blue (B) 420-510 nm. Once a suit- 
able region was located and focussed, a dark-field image 
was taken. Subsequent bright-field microscopy was per- 
formed by removing the dark field ring and adjusting the 
condenser numerical aperture NA C to match the objec- 
tive NA. To quantitatively measure the extinction cross- 
sections, two bright-field transmission images were taken, 
one with the NPs in the objective focus and the second 
one out-of-focus, moving the objective by approximately 
d = 15 fim axially away from the sample. Background 
images were taken for blocked illumination. To achieve 
the lowest shot noise, the lowest camera sensitivity was 
used (100 ISO), for which the full-well capacity of the 
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pixels of about Nf w = 4 x 10 4 electrons occurs at 70% 
of the digitizer range (3.4 electrons/count). The expo- 
sure time in the order of 10 ms was chosen to reach Nf w . 
Averaging over _/V a = 36 acquisitions was performed for 
each image set. 

Let us call the background-subtracted transmitted in- 
tensity of the bright-field image with NPs in focus if 
and the defocused intensity id. In the defocused image a 
NP distributes its effect over a radius of about = NAd 
making id similar to the intensity If in the absence of the 
NP. The extinction cross-section of a NP located within 
the area A\ in the image can then be expressed as er cx t = 
J A AdA with the relative extinction A = (Id — If )/I<i- 
An example of a full color dark-field image and the cor- 
responding A image for gold NPs of 40 nm diameter is 
shown in Fig. 1. To account for the slight mismatch be- 
tween Id and If without NP due to the defocusing and 
the residual influence of the NP, we determine a local 
background extinction Ab = A^ 1 J A AdA in the area 
^4b between the radius r\ and 2r- 1: as sketched in Fig. Id, 
yielding the background-corrected cr ex t = j A .(A— Af,)dA. 
The correction area A\> is within the defocused image of 
the NP, i.e. 2r\ < r^, ensuring a homogeneous influence 
of the NP over Ai and A^. The dependence of the mea- 
sured cr ex t on r\ is shown in the inset of Fig. lb for the G 
channel, using a constant Ab from r; = 1.5 /im . A sat- 
uration of (Text is observed for r; > 800 nm ~ 3A/(2NA), 
approximately at the second Airy ring of the objective 
point-spread function. This behavior can be qualita- 
tively understood considering that A is the result of the 
interference between the scattered field of the NP and 
the illumination field. For a spatially coherent illumi- 
nation this interference would lead to fringes in (7 ex t de- 
caying as l/y/r. However, the short spatial coherence 
length d c ~ A/NA C of the illumination is suppressing 
these fringes for r > d c . 

In order to determine <7 ex t of many particles from an 
extinction image we developed an image analysis pro- 
gramme written in Image J macro language. We split 
the raw images into RGB channels, subtract the back- 
ground, average the multiple acquisitions of If and id, 
and calculate A. We then determine the particle loca- 
tions as the maxima of A with values in a range adjusted 
to reject noise and large aggregates. For each maxi- 
mum we choose A[ given by a centered disk of radius 
r; = 3A/(2NA) = 837 nm and calculate cr ox t. 

We select individual NPs using their extinction color, 
retaining NPs with <7 ox t largest in the color channel cor- 
responding to the expected plasmon resonance, i.e. green 
(red) for 40 nm (100 nm) spherical GNPs having a LSPR 
at 540 nm (590 nm) in a surrounding medium of 1.5 re- 
fractive index. NPs which likely correspond to aggre- 
gates, debris, or largely non-spherical GNPs are excluded 
in this way. The statistical results over 104 individual 
GNPs of nominally 40 nm diameter are summarised in 
Fig. 2. The distribution of er cx t in the G channel corre- 
sponding to the plasmon resonance has a mean of t7 ex t = 
4000 nm 2 , which is consistent with experimental and the- 
oretical values found in literature 11, 13-15 . The standard 
deviation Ototai = 1300 nm 2 of cr ex t contains a part <r no i se 
due to measurement noise. This part is determined using 




FIG. 1. (a) Full Color (FC) dark-field image of 40 nm diame- 
ter gold NPs. (b) Corresponding FC extinction image A from 
(black) to 0.043 (white), (c) Zoom of dark-field image. (d,e) 
Corresponding zoom of the FC bright-field transmission with 
NP in focus If (d) and out-of- focus Id (e). (f) Zoom of FC 
extinction image. 

the distribution of cr ex t in image regions not containing 
NPs, resulting in a zero mean and a standard deviation 
CTnoiso- The standard deviation <T cxt arising from the NPs 
is accordingly determined by <r 2 xt = cr^ otai — 6" 2 j so . We 
find (Tnoiso = 590 nm 2 and cr GX t = 960 nm 2 for the G chan- 
nel. (7 GX t can be attributed to a size distribution of the 
GNPs as follows. The scaling of er ox t oc R 1 for spherical 
particles of radius R is known from Mie theory 16 . In the 
dipole approximation, 7 rj 3 for small particles where 
the extinction is dominated by absorption and increases 
towards 7 = 6 for larger particles where the extinction is 
dominated by scattering. We found 7 w 3 for 40 nm di- 
ameter at 532 nm wavelength using calculated absorption 
and scattering cross-sections 13 . This scaling allows us 
to estimate the relative standard deviation of the radius 
SR/R = <7 cx t/(cr C xt7) ~ 0.08. The manufacturer specifies 
SR/R < 0.08 for 40 nm and 100 nm particles determined 
by electron microscopy. Thus <r ex t is on the upper limit of 
what expected from the size distribution of spherical par- 
ticles in a constant dielectric environment. It has been 
shown in the literature that additional factors influencing 
<7 e xt might be the NP non perfect sphericity 10 , as well as 
fluctuations in the local dielectric environment and the 
electron-surface scattering damping parameter 11 . Mea- 
surements of er ox t for 100 nm GNPs (not shown) in the 
red channel yield tJ C xt = 30000 nm 2 and <7 0X t = 4558 nm 2 , 
resulting in SR/R = 0.034 with 7 = 4.5. These values 
are consistent with literature 11,13-15 for spherical 100 nm 
GNPs and meet the manufacturers size specifications. 

Using the scattered intensity Idf measured in dark-field 
microscopy integrated over the same spatial area A\ as 
(7 xt, we obtain the detected power scattered by the NP 
which is proportional to the scattering cross-section <7 sca . 
Normalizing the scattered intensity to Id we can write 
cr sca = r) J. Idf d A/ Id with the constant 77 determined 
only by the condenser NA C ranges in bright field and 
dark field and the objective NA. If 77 is known cr sca can 
be quantified in absolute units. We determined rj as fol- 
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FIG. 2. Distributions of <r cxt for 104 GNPs of nominal 40 nm 
diameter in the R, G, and B color channels as indicated. The 
grey histograms show the noise distribution obtained by mea- 
suring cr cx t in 183 randomly selected regions without NPs. 

lows. We compared cr sca with cr ex t on each NP of the 
ensemble, as shown in Fig. 3. GNPs with er cxt well below 
a certain cut-off value (u c ) are dominated by absorption 
with cross-section £r a b s scaling like R 3 . Since cr sca is pro- 
portional to R 6 in this regime, we expect u sca a c = <7 2 xt . 
Conversely, scattering dominates for larger particles such 
that <7 GXt ~ c sca . This trend is indeed observed in Fig. 3, 
and allows us to infer a c = 34000 nm 2 and in turn de- 
termine rj = 26, both with about 10% error. The re- 
sulting (T sca of the GNPs is consistent with literature 15 . 
Furthermore, we can deduce the absorption cross-section 
c a b s = "cxt — er sca , which is also shown in Fig. 3. Using 
the calibrated cr sca we find a detection limit for cr sca of 
about 100 nm 2 due to background scattering contribut- 
ing to Idf in our samples. The camera dark noise allows 
in principle to detect er sca < lnm 2 . 

While the detection limit for er sca is given by the sam- 
ple background scattering, the detection limit for cr cxt 
is given by the shot noise in the measured transmitted 
intensity. The relative shot noise is given by 1/ y^Nph 
with the detected number of photons N p h which is de- 
termined by the number of acquisitions 7V a , the full-well 
capacity Af w of the camera pixels, the number of pix- 
els -/Vp X in the area A ll and the fraction v of pixels used 
for the color channel (for the Bayer color filter of our 
camera v = 1 /2 for G and v = 1/4 for R, B), yielding 
(inoisc = Ai I U N a Nf w vN px . With the pixel size d px , the 
area A[ = irrf with r\ = 3A/(2NA), and the magnifica- 
tion M onto the camera, we find 

3Ad px / 7r 

inoisc- 2MNA ^/ NaNfw „ W 

For the green channel of Fig. 2, we have Af w = 4 x 10 4 , 
N a = 36, M = 60, d px = 5.7 nm, NA = 0.95, A = 
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FIG. 3. Scattering cross-section <r sca (stars) measured in dark- 
field images versus <r cx t measured in extinction images for 
40 nm GNPs and 100 nm GNPs. The deduced absorption 
crossections <r a b s are given as circles. The dotted line gives 
the fitted scaling as labeled. The limiting behaviour for small 
(Text (dashed line) and large cr e xt (solid line), and the expected 
absorption cross-section (short-dashed) are also shown. 

0.53 /Urn, and v = 1/2, yielding <7 n oisc = 589 nm 2 , in 
agreement with the measured noise. The blue and red 
channels have a factor of s/2 larger noise due to the 
smaller v. This detection limit could be improved by us- 
ing an oil immersion objective with 1.45 NA, M = 150, 
and N a = 1800 possible in a 60 second video, for which 
Eq.(l) yields <r n oisc = 43 nm 2 , which would allow mea- 
suring single GNPs down to 10 nm diameter. 

We note that the finite angular range of the objective 
implies that it collects also a fraction of the scattered 
light leading to an underestimate of the extinction. The 
solid angle in the samples with 1.5 refractive index col- 
lected by the objective is 1.6sterad, which for isotropic 
scattering is 13% of the scattered light. We could cor- 
rect for this by adding 13% of the measured cr sca to <j cxt . 
We also note that cr sca is determined using the scattering 
of the dark-field excitation into the objective, which also 
has a certain angular range that needs to be considered 
if the scattering is sufficiently anisotropic. 

Furthermore, we measured the dependence of cr ex t on 
the linear polarization angle 9 of the excitation light, 
which is a sensitive probe of NP asphericity, by inserting a 
linear polariser in the illumination beam path before the 
condenser. The resulting a ex t(0) is shown in Fig. 4(right) 
for 9 between 0° to 180° in steps of 10° for two selected 
GNPs in the red channel. We analyze these results by 
fitting the expression cr ex t(0) = <tq(1 + a cos(2(6* — #o))) 
where Co is the polarization-averaged er cx t, a > is the 
amplitude of the polarization dependence, and > 9q > 
7r is an angular offset, indicating the direction of the NP 
asymmetry. To estimate the influence of the measure- 
ment noise on the fit parameters we calculated their dis- 
tribution over Gaussian random fluctuations of the fitted 
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data a comparison with theory is needed which will be 
reported in a forthcoming work. 

In conclusion, we have shown that conventional wide- 
field microscopy can be implemented with a consumer 
camera to extract quantitative values of polarization- 
resolved extinction, scattering and absorption cross- 
sections of individual nanoparticles and generate his- 
tograms for statistical characterization of large numbers 
of particles. Although quasi-spherical gold nanoparticles 
of 40 nm and 100 nm diameter were used in this work 
for proof of principle, the technique is applicable to any 
nanoparticles, with a detection sensitivity limit in the 
order of 100 nm 2 . Importantly, this technique can be 
adopted by any laboratory equipped with conventional 
wide-field microscopy as a tool to quantify the linear op- 
tical response of a statistically significant number of in- 
dividual nanoparticles. 

This work was supported by the UK EPSRC Research 
Council under the Leadership fellowship award of P.B., 
grant n. EP/I005072/1 and EP/I016260/1. 



FIG. 4. Left Column: Distributions of the amplitude a, for 
150 GNPs of 40 nm diameter in the R, G, and B color channel, 
and 320 GNPs of 100 nm diameter in the R channel. The 
distributions due to a no i so for GNPs of a = 0, 0.1, 0.2, 0.5, 0.8 
are given as black lines using <r ox t as given in Fig. 2. Right 
Column: <7 C xt(#) in the R channel with fits for two 40 nm 
GNPs, and distribution of the deduced amplitude paramater 
a by the measurement noise owse- 

0"ext(0) with a standard deviation (7 no ise- GNP1 has a 
fitted a = 0.07, and its distribution has a mean value 
a = 0.15 and a standard deviation a = 0.08. GNP2 in- 
stead is significantly non-spherical with a fitted a = 0.75 
and a distribution with a — 0.75 well above a = 0.06. 
The red channel is used here as it is most sensitive to 
LSPR shifts due to asphericity. 

The distribution of a over the NP ensemble is shown 
in Fig. 4 (left) for 40 nm and 100 nm GNPs for different 
color channels. For comparison, the simulated distribu- 
tion of a for GNPs having cr ext (9) given by the fit func- 
tion are shown for a = 0, 0.1, 0.2, 0.5, 0.8 in Fig. 4 as black 
lines using <jq = <7 ex t of the color channel. The compari- 
son shows that the polarization dependence can identify 
non-spherical GNPs through the distinct values of a. To 
further infer the NP geometrical aspect ratio from these 
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